Flash flood hazard initiated by heavy rainstorms is common in arid Jordan, and often has induced immense damage to life and infrastructures. The current study presents a flash flood assessment for Wadi Rajil (northern Jordan) and Wadi Wuheida (southern Jordan) watersheds using ASTER DEM, GIS, and geomorphic field observation. A total of 23 morphometric parameters of paramount relation to flash flood risk estimation were extracted and calculated using ASTER DEM, GIS, and mathematical formulae developed for this purpose. Two methods were employed to assess flash floods and to generate flooding risk susceptibility maps. The first method is El-Shamy's approach, and the second is the morphometric hazard degree assessment method. Consequently, sub-basins with high and extreme flooding susceptibility were demarcated and displayed spatially using GIS. The maps so produced are meant to help planners and decision makers to devise appropriate plans to mitigate harmful flooding impacts, and to deal with flooding hazards.
Introduction
Morphometric analyses of drainage basins based on geoinformatics techniques and field collected data, are essential tools for flash floods hazard assessment. Relevant evaluation parameters can be employed to predict the hydrological behavior of the catchment, and geomorphic processes produced by exceptionally heavy rainstorms, and the resultant flash floods, including erosion type, rate, and sediment yield [1] . Hydromorphic explanation can be refined regarding the tion, and ASTER DEM. Morphometric characterization and description of the hydrological pattern were conducted for both watersheds. The aim is also to generate flood hazards susceptibility maps based on El-Shamy's approach [27] , and the morphometric hazard degree assessment method [28] [29] [30] , in order to predict and demarcate the most hazardous sub-basins in terms of flooding, and the sub-basins which are expected to endanger Ma'an city, the Amman-Aqaba highway and Qa'a Azraq. The flood hazard maps produced were intended to help the planners understand the spatial distribution of flood hazard conditions, thus enabling them to prepare appropriate mitigation measures to reduce the negative impacts of flash floods. This research is also meant to improve the level of awareness among planners regarding flood geomorphology [31] , and the essential role of morphometric analysis/information in the planning process [32] [33] [34] [35] . Moreover, attention is focused on providing advice for future planning on how to avoid destructive flood hazards in remote and data scarce areas. Appropriate measures for planning adjustment towards flooding hazards and management are recommended to help decision makers mitigate flash floods through the construction of flood prevention structures (i.e., surface water harvesting systems, and groundwater artificial recharge). The recommended measures are flexible to the extent that these can be carried out by local administrative officials and the residents.
Study Area
Wadi Wuheida is an ephemeral stream which covers an area of 245 km 2 ( Figure   1 ). It is located 35˚26' to 35˚41'E; and 30˚00' to 31˚14'N, and extends between west to east (frontal storms) or from southwest to northeast (Red Sea trough storms). The mushroom shape of the upper catchment comprises 56% of the total area of the watershed. Thus, it provides a larger headwater area, which consists of highlands of elevations > 1400 m and receives a higher annual rainfall approaching 160 mm. In this regard, topographic characteristics of the watershed combined with the higher rainfall and slopes encourage high runoff potential. The catchment is classified as sixth order basin and of dendritic drainage pattern ( Figure 4(a) ). The Wuheida watershed-Ma'an-and El Jafr area is part of the Arabian Surface (the Oligocene peneplain) which has developed in the Eocene sediments [37] . to about 7˚ (winter minimum). Absolute average yearly maximum is approaching 43˚C, and absolute yearly minimum may reach-8˚C [41] . The low amount of rainfall results in poor vegetation cover, comprising of scattered acacia, tamarisk and cenapod, and some annual grasses. The land use/land cover is restricted to scattered and small patches of olive trees and woods in the highlands, and limited irrigated farming in El-Jafr and Ma'an.
Wadi Rajil watershed is located between 31˚45' and 32˚36'N and 36˚45' and The youngest deposits exist in the watershed, the gravel and sand are of fluvial origin. These deposits cover 3.07% of the total catchment area, while the outcropping formations of Eocene age [42] Qa'a for a few months before evaporation. The surface water potential of Wa- scale topographic map [44] . It was concluded that the overall accuracy of the ASTER DEM is in line with the reported official accuracy specification [45] . The prepared topographic sheets were scanned, georeferenced, and converted to WGS1984, zone 36 N projection system using Arc GIS and the associated packages.
The two watersheds and the boundaries of the 21 fourth-order sub-basins were delineated initially using the topographic sheets. The ASTER DEM (v.2) was employed to demarcate watersheds and sub-basins boundaries, drainage networks using Arc Hydro tool ( Figure 5 ). A total of 23 morphometric parameters were extracted and calculated using ASTER DEM, Arc GIS software, and the mathematical equations displayed in Table 1 . The results of computation are illustrated in Tables 2-4 . Different topographic features such as aspect, slope, and elevation were generated using the Spatial Analyst module. Basic parameters in- elongation ratio (R e ), circularity ratio (R c ), and form factor ratio (R f ). The stream ordering for the entire Wadi Rajil and Wadi Wuheida was executed according to [24] . Thus, Wadi Rajil catchment was found to be of seventh-order, while Wadi [46] , and Schumm [25] . Efficient tools of GIS are capable of generating flood hazard, flood susceptibility, and sediment hazard maps, which illustrate flood-prone sub-basins. Risk and vulnerability maps help planners to assess the potential impact of floods [5] , and to delimit the appropriate sites for future development; and to avoid sites exposed to flooding and sediment discharge. Based on the analysis of drainage, GIS afford devices which help not only to determine areas affected by floods, but to predict sites that are likely to be flooded in the future. Consequently, appropriate measures can be provided by planners to minimize the negative impact of floods and flooding effects. 
Strahler ( Table 4 . Morphometric characteristics of the 21 sub-watersheds.
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Flash Flood Analysis Methods
Quantitative analysis of drainage basin morphometry using remote sensing and GIS techniques has been employed recently to assess the probability of flash flood hazard. Various methods were employed in this regard. The most common is the morphometric assessment method which comprises: 1) El-Shamy's approach [27] 2) The morphometric ranking method [47] 3) Wahid's flash flood rating method [48] The morphometric hazard degree assessment method employed eleven morphometric parameters with a direct effect on flash floods [30] . Eight parameters are characterized with a direct proportional relationship with the degree of risk, whereas three parameters have an inverse proportional relationship with the degree of risk (Table 5) . A hazard scale number was designed, starting with (1) representing the lowest hazard up to (5) indicating the highest hazard, and has Y. Farhan, A. Ayed Table 5 . Effective morphometric parameters based on the kind of relationship with the degree of risk. 3) The equal spacing or simple linear interpolation between data points procedure was chosen [51] .
For parameters which show a direct proportional relationship to the degree of risk, the hazard degree was calculated using the following equation [28] 
Likewise, for parameters which show an inverse proportional relationship to degree of risk, the hazard degree is calculated using the following equation:
where X is the value of the morphometric parameters to be assessed for the hazard degree for each sub-basin, X min and X max are the minimum and maximum values of the morphometric parameters of the two basins and all sub-basins respectively. The summation of the hazard degree (1 + 2) for each sub-basin represents the final flood hazard of these sub-basins.
An integration of the results was carried out using the morphometric hazard degree assessment method, and El-Shamy's model. Such a procedure was performed through superimposition of flood risk maps generated through the ap- 
Morphometric Analysis of Watersheds
Quantitative analysis was conducted for W. Rajil and W. Wuheida catchments and the 21 fourth-order sub-catchments connected to both watersheds, in order to evaluate the morphometric properties of the drainage networks, based on twenty-five morphometric descriptors classified as: basic, derived, and shape parameters. These variables are utilized to characterize the two arid watersheds, and to improve our understanding of arid watershed development in relation to essential controlling factors, i.e., geology (lithology and structure), tectonic and geomorphic processes, and rejuvenation. The results of morphometric analysis for the two watersheds ( Table 2 and Table 3 ) and the 21 sub-basins are illustrated in Table 4 . The drainage pattern is dendritic to sub-dendritic and sub-trellis in the southern part of W. Wuheida, whereas, it is trellis to sub-trellis in the southwestern and northeastern parts of W. Rajil, then changing to sub-dendritic in the northwestern part of the watershed. Referring to the ratio between basin area (A), and perimeter (P), the ratio is found 5 
Basic Morphometric Parameters
The basic morphometric parameters computed for W. Rajil and W. Wuheida and the 21 sub-basins comprising basin area (A), basin perimeter (P), basin length (L b ), stream length (L u ), mean stream length (L sm ), and length of main channel (L m ).
Basin Area (A), Basin Length (Lb), and Basin Perimeter (P)
The area of a drainage basin is an essential morphometric parameter for hydrological data processing, analysis and interpretation. Larger basins and sub-basins with high local relief generally have greater discharge, thus directly influencing runoff and peaks magnitude. For this reason, basin area is an important component in hydrological processes [53] . In this regard, Chorley et al. [54] argued that the maximum discharge of flood per unit area is inversely related to the area of the drainage basin. The total drainage area for W. Rajil is 3085.87 km (Table 3) , whereas the mean stream length for W. Wuheida ranges from 0.56 km for the first order streams to 17.41 km for the sixth-order stream ( Table 2 ). The L sm value for any given order is greater than that of the lower order and less than that of its next higher order. (Table 3) . Likewise, the R b values range from 2 to 5, and the WMR b value is 3.8 for W. Wuheida (Table 3 and Table 4 Ras En Naqb in the south, and El-Jafr depression in the north.
Stream Length Ratio (RL) and Sinuosity (SI)
Stream length ratio (R L ) refers to the ratio between the individual lengths of steam in a given order and the total length of streams in the next order [20] . R L parameter reveals a significant relationship with surface flow discharge and the 
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Generally, S I values range from 1 to 4. Streams having S I value of 1.5 are described as sinuous. When S I values exceed 1.5, streams are described as meandering [58] . Sinuosity (S I ) is considered a significant morphometric parameter which helps in interpreting the geomorphic evolution of a watershed.
Basin Shape Index (Ish) and Slope Index (SIn%)
The basin slope index (I sh ) describes the relation between the basin area, and the length of the drainage basin. W. Rajil and W. Wuheida attain basin shape index values of 0.24 and 0.34 respectively. These values reveal an elongated drainage basin; thus a reasonable chance is available for groundwater recharge. Slope index (S In %), or the slope of main channel of a given basin is considered to be of hydrological significance [59] . Steep channels occasionally have high surface runoff values, and low infiltration rates, which in turn accelerate soil erosion.
Therefore, sediment load production tends to be high in arid watersheds, where slopes are overgrazed and barren [11] [60] . Slope index (S In %) is also an indicator for the channel slope from which an assessment of the runoff volume can be estimated [30] . The two arid watersheds under consideration are characterized by medium to high relief, where the slope index (S In %)values are 0.02 for W. Rajil, and 0.08 for W. Wuheida.
Length of Overland Flow (Lo) and RHO Coefficient (ρ)
RHO coefficient (ρ) is defined as the ratio between the length ratio (R L ) and the bifurcation ratio (R b ) [20] . ρ parameter is influenced by physical (geological, geomorphic, climatic and biologic) and anthropogenic factors [61] . The relationship between drainage density (D d ) and the geomorphic evolution of a drainage basin is determined by the RHO parameter. Consequently it helps to assess the storage capacity of the drainage network [20] . A high RHO value of a watershed is indicative of a high hydric storage during flooding; therefore, the erosion effect is decreased during the raised discharge [59] . The RHO values for W.
Rajil and W. Wuheida are 0.14 and 0.16 respectively ( Table 2 and Table 3 ).
Whereas RHO values for the 21 sub-basins range from 0.10 to 0.42 (Table 4) .
Length of overland flow (L o ) is defined as the length of water over the ground before it gets concentrated into stream channels or permanent drainage channels [62] . The shorter the length of overland flow the quicker surface runoff will enter the stream. In the current study, the length of overland flow (L o ) for W. Rajil . The R n parameter has been elaborated to measure the flash flood potential of a drainage basin [66] and to illustrate the geometric characteristics of drainage basins [67] . High values of R n obtain when both relief and drainage density are large. Present analysis shows that R n for W. Rajil is 0.59, and for W. Wuheida is 0.95. Watersheds having high R n values (>0.5) are highly susceptible to an increase in peak discharge, high soil erosion rates, and high sediment load production [55] .
Shape Morphometric Parameters

Elongation Ratio (Re)
Elongation ratio (R e ) is defined as the ratio between the diameter of a circle having the same area as the basin (A), and the basin length (L b ) [25] . Strahler [24] reported that R e ratio vary from 0.6 and 1.0 for a wide range of geomorphic environment. Values close to 1.0 are characteristic of watersheds with low relief.
Whereas values in the range 0.6 -0.8 are typical for catchments with high relief and steep slopes. Low values of R e (<0.5) imply that drainage basins are more elongated, and at the youth-age stage of geomorphic evolution. When R e values approach 1.0, the shape of the drainage basin approaches a circle [25] . A circular basin suggests an early mature-age stage of geomorphic evolution [53] , and is Y. Farhan, A. Ayed Journal of Geographic Information System more efficient in runoff discharge than is an elongated one [68] . The R e value of W. Rajil is 0.49 (Table 3) , and for W. Wuheida is 0.59 (Table 2) , which imply that these watersheds are more elongated, and elongated, respectively.
Circularity Ratio (Rc)
Circularity ratio (R c ) parameter is indicative of basins shape, and the rate of infiltration including the time needed for excess water to reach the basin outlet. R c refers to the ratio of the basin area (A) and the area of a circle with the same perimeter (P) as the basin [24] . Low, medium, and high values of R c denote young, mature, and old stages of the geomorphic cycle of the catchment. Drainage basins of different circularity ratio, ranging from 0.4 to 0.5, were considered by
Miller [46] as strongly elongated, with homogeneous bedrock and regolith materials, and a uniform rate of infiltration. Consequently, the excess runoff takes a longer time to reach the basin outlet. More elongated or elongated shapes allow drainage basins to be slow in disposing water, which resulted in a broad and low-peaked hydrograph. Thus, reduction of water velocity can be attained through the construction of water harvesting structures, i.e., dams and surface reservoirs [30] . The R c value of W. Rajil is 0.10, and for W. Wuheida is 0.17, and for the 21 sub-basins, it ranges from 0.07 to 0.32 (Table 4 ).
Form Factor Ratio (Rf)
The form factor parameter has been elaborated by Horton [20] to forecast the flow intensity of a given watershed. It refers to the ratio between the area of basin (A) and the square of the basin length (L b ). R f values vary from 0 for highly elongated shape, to 1 for a perfect circular shape of the basin. Catchments with low R f value, tend to be elongated, which implies low peak flows for longer duration, and thus of less probability for the basin to flood. Furthermore, catchments with high R f values experience high peak flow of short duration, where the floods will be stronger and have higher velocities associated with greater erosion and transport capacities. The R f value for W. Rajil is 0.19 (Table 3) , and for W. Wuheida is 0.24 ( Table 2 ). The R f values for the 21 sub-basins range from 0.24 to 0.38. These values indicate that both watersheds and the related sub-basins are more elongated and elongated in shape with low peak flows of longer duration.
Results and Discussion
Two approaches were employed to assess flash floods hazards and flooding risk for two arid watersheds in Jordan. W. Rajil Watershed in the north which is developed over the basalt "Harra", and W. Wuheida in the south, developed in the "Hamada"
landscape. The potential hazard was analyzed, and sub-basins vulnerable to flooding, and expected to cause heavy damages to the local inhabitants, their livelihood, and infrastructure, were demarcated. Past experience reveals that Ma'an city and the surroundings, the Amman-Aqaba highway, Azraq town and Qa'a Azraq were The morphometric hazard degree assessment method [28] [29] [30] . The second method is considered a semi-quantitative measure determined on the bases of eleven morphometric parameters.
Flash Flood Risk Assessment: El-Shamy's Approach
Following El-Shamy's approach, the relationship between the Bifurcation ratio Table 6 (a)). Additionally, and based on the relation between Bifurcation ratio versus Stream frequency, seven sub-basins (7, 10, 11, 12, 14, 15 and 16) are located in zone (A), which represents high susceptibility for flash floods, and five sub-basins (2, 4, 6, 8 and 13) are located in zone (B), which represents moderate susceptibility for and zone (A) for W. Wuheida.
The Morphometric Hazard Degree for Flash Floods Assessment Method
The Morphometric Hazard Degree assessment method was employed to perform the required morphometric analysis, to estimate the flash flood hazard and the degree of risk for the sub-basins of W. Rajil and W. Wuheida, Table 7 and Table 8 With respect to the sixteen sub-basins of W. Rajil watershed, sub-basins nos. 14, 15, and 16 (18.75% of the total) have the lowest overall values, therefore representing the category of low flooding susceptibility (Table 7 and Figure 10 ). Sub-basins nos. 13, 11, 10, 6, and 5 (37.5% of the total) have intermediate score values, thus characterized by moderate flooding susceptibility. Conversely, sub-basins nos. 12, 9, 8, 7, 4, 3, and 2 (43.75% of the total) have high overall score values, and thus represent relatively dangerous sub-basins with high flooding susceptibility. Additionally, sub-basin no. 1 has the highest overall score value, thus, representing the most dangerous sub-basins with extreme flooding susceptibility ( Figure 10) . None of the sub-basins of W. Rajil is classified as of very high flooding susceptibility. It can be concluded that 50% of W. Rajil sub-basins are expected to suffer high and extreme flooding susceptibility. It can also be deduced that 81.25% of W. Rajil sub-basins are expected to experience moderate, high, and extreme susceptibility to flooding. Such results reveal that the main hazardous sub-basins are located on the northwest and eastern parts of the watershed, and directly threaten the lower part leading to Qa'a Azraq, Azraq town, wetland reserve, Azraq-Safawi and the Azraq-Qrayyat (to Saudi Arabia), major roads seriously threatened by expected flooding. Thus, the protection of the town, agricultural areas, and, the major roads from repetitive Journal of Geographic Information System Accordingly, sub-basin no. 1 of W. Wuheida (20% of the total) has the highest overall score values: it thus, represents extreme flooding susceptibility (Table 8 and Figure 11 ). Whereas sub-basins nos. 
Conclusions
In the present study, hydro-morphometric analysis, and GIS-based flood hazard and flood susceptibility mapping were carried out to display flood-prone areas in W. Rajil and W. Wuheida catchments. Flood risk analysis was conducted using two morphometric analysis methods within a GIS environment. These methods are 1): El-Shamy's approach; and 2): the morphometric hazard degree for flash flood assessment method. Sub-basins affected by floods of low, moderate, high, very high, or extreme flooding susceptibility can be demarcated. Consistent results were achieved on flash flood susceptibility utilizing El-Shamy's approach as illustrated through sub-basins categorized under zone (A) and zone (C) for W. Rajil; and zone (A) and zone (B) for W. Wuheida. In this regard, sub-basins nos. Journal of Geographic Information System Rajil sub-basins are expected to suffer high and extreme flooding susceptibility. Thus, it is anticipated that 81.25% of W. Rajil sub-basins will likely experience moderate, high, and extreme susceptibility for flooding. Such results reveal that the main hazardous sub-basins are located on the northwestern and eastern part of the watershed, and directly threaten the lower part leading to Qa'a Azraq, the Azraq town, wetland reserve, Azraq-Safawi, and Azraq-Qrayyat (to Saudi Arabia), major roads seriously threatened by expected flooding. As far as W. Wuheida is concerned, 80% of sub-basins nos. 1, 2, 3, and 5 are of extreme and high flooding susceptibility. These sub-watersheds receive the highest rainfall (160 mm annually), and are characterized by moderate to relatively steep slopes. Thus, it yields high runoff potential. Repetitive destructive floods were recorded in W. Wuheida, and resulted in the destruction half of Ma'an town in 1966 due to high peak discharge. During the extreme flood, the estimated peak discharge of W. Yutum, south of Ras En Naqb was 540 m 3 /s. Similarly, the peak discharge of W. Wuheida during the major flood of February 2006 was estimated in the range of 270 to 320 m 3 /s. Based on the present results, it can be concluded that 81.25% of the sub-basins related to W. Rajil can be categorized under moderate, high, and extreme susceptibility for flash floods. In parallel, 80% of the sub-basins pertaining to W. Wuheida are grouped under high and extreme flooding susceptibility. Consequently, Ma'an city, the Amman-Aqaba highway, El-Jafr village, Qa'a Azraq, the Azraq town, wetland reserve, and major roads connecting Jordan with northern Saudi Arabia and western Iraq via Azraq are seriously exposed to flash floods. Thus, protection measures are highly requisite to protect Ma'an city, Azraq town, the Amman-Aqaba highway, other major roads, and infrastructure facilities against flooding, in order to maintain the future development of Ma'an and Azraq areas. Hydro-morphometric and GIS-based flood hazard and the generated flooding risk maps aim to help planners and decision makers to assess the potential impact of floods, and to avoid; areas exposed to harmful flash floods; and also to predict sites which are likely to Journal of Geographic Information System be flooded in the future. Decision makers can also act properly pre-disaster, during, and post-disaster; thus, precautionary measures can be prepared in order to minimize flooding effects. Post-disaster, the compiled GIS maps can also help decision makers to assess damage and losses caused by flooding. Therefore, flood protection measures can be usefully implemented to protect developed sites against flooding.
